Abstract.
The mantra of Faster, Better, Cheaper has to a large degree been interpreted as using Commercial Off The Shelf (COTS) components and/or circuit boards. One of the first space applications to actually use COTS in space along v, ith radiation performance requirements was the EXpedite the PRocessing of Experiments to Space Station (EXPRESS)
Rack program, for the International Space Station tlSS).
[n order to meet the performance, cost and schedule targets, military grade Versa Module Eurocard (VME) was selected as the baseline design for the main computer, the Rack Interface Controller (RIC). VME was chosen as the computer backplane because of the large variety of military grade boards available, which were designed to meet the military environmental specifications (thermal, shock, vibration, etc.) . These boards also have a paper pedigree in regards to components.
Since these boards exceeded most [SS environmental requirements, it was reasoned using COTS rail-grade VME boards, as opposed to designing custom boards could save significant time and money. It was recognized up front the radiation environment of ISS, while benign compared to many space flight applications, would be the main challenge to using COTS. Thus in addition to selecting vendors on how well their boards met the hsual performance and environmental specifications, the board's parts lists were reviev,'ed on how well they wouId perform in the ISS radiation environment. However, issues with verifying that the available radiation test data was applicable to the actual part used, vendor pan design changes and the fact most parts did not have valid test data soon complicated board and part seIection in regards to radiation.
INTRODUCTION
The COLDPLATE VME Conduction-Cooled Chassis FIGURE 1. RIC V*IE Layout and I1'0 DESIGN PHILOSPHY As a result of being a new program in a new environment, numerous design requirements were not defined at the start of the program, with radiation requirements being one of the main ones. The philosophy used was to find the knee in the curve of cost vs. radiation tolerance. Rather than set a hard requirement, design goals were set and parts and equipment ,,,,'ere evaluated against these goals.
RIC Design Philosophy and Requirements
Early in the program it was estimated that the RIC would have to borrow heavily from existing designs to meet the proposed schedule and funding level. Off the shelf space flight qualified computers were considered but traditionally they have long lead times and are expensive.
Another even larger design obstacle to using traditional space flight controllers was most of the data buses, such as the multiple 10BaseT Ethernet ports, video, and fiber optic buses, etc. were not supported in traditional space flight controllers. The Micron SRAM was previously tested and had reasonable radiation tolerant numbers and thus was used in all three CPU card for the Space Shuttle flight.
The prototype RIC system was tested on two Space Shuttle flights (STS -83 and STS-94) in 1997 with no SELs (Single Event Latchup) observed. Note: an SEL is a condition that often causes additional current draw and usually needs to have power recycled to cure. Permanent damage often occurs in some parts if a SEL condition is not resolved in a timely manner. A system interruption did occur but it was not traced to a Signal Event Upset (SEU). Note: the most common SEU manifestation is a bit flip, where a component or memory location may change state from a "one" to a "zero" or vice versa.
Design Impacts Due to Loss of MiI-Spee Components
Although the Shuttle flight was a success it was recognized that a unit with better radiation numbers than the Space Shuttle unit was needed for the longer duration ISS mission. Due to operational usage, as well as ISS requirements, the ISS unit had more stringent requirements than the Shuttle unit. The 10 year mission life and higher reliability requirements drove the design to use more Mil-Spec components. Working against the higher reliability requirement was the higher probability of SEE (Single Event Effects -includes both SEU & SEL, as well as other effects) due to the higher 51.6-degree inclination orbit of the ISS. The higher inclination of ISS, as opposed to the standard Shuttle orbit inclination of 28.5 degrees, places ISS more in the tapped proton and electron belts or Van Allen Belts, thus increasing the probability of an SEE. Also at 51.6 degrees, ISS passes through the South Atlantic Anomaly (SAA) off the coast of Brazil in the Atlantic, which contains significant trapped protons and thus becomes a major contributor for increased SEE rates.
The initial parts evaluation for the cards used in the Space Shuttle unit was performed in 1994; thus the cards were designed prior to some I.C. (Integrated Circuit) vendors, like Motorola, pulling out of the military market. A second review of the parts for the proposed ISS VME cards approximately two years later showed significant component changes from the version used in the Space Shuttle test flight. With vendors pulling out of the Mil Spec market, the board vendors had made significant part and design changes in order to make use of the dwindling base of mil-spec 
Designimpacts and associatedNRE
Inorder tokeep NRE(NonRecurring Engineering) costs low,radiation testing andboard redesign were onlyused asalastresort. Butforsome parts, thefunction wascrucial andnosubstitute could befound. One example that incurred NREwastoreplace thefunction withprogrammable logic. UTMC's RadPal, atadhard 22V10 PAL (,Programmable ArrayLogic) was chosen for some functions. However, the two largest design impacts in terms of cost and schedule were the SEL issues related to the FPGA and to a lesser degree the 68302.
When the design for. the serial board was selected, the military grade epitaxial version of the 68302 was available as the controller for the serial channel, which had adequate test data available. However, with the withdrawal of Motorola from the military business, the only substitute was the use of the repackaged version done by Thompson-CSF using a Motorola commercial bulk CMOS 68302. Test data obtained indicated the bulk CMOS version had a Single Event Latch-up (SEL) problem. Since the design impact was considerable to redesign the board to replace the part. it was decided to use a traditional workaround of adding circumvention circuitry to monitor for a latch-up condition. The circumvention circuit performed this function by monitoring current to the 68302 power pin. If the current exceeded a predefined threshold the circumvention circuit would, via a couple of transistors, open the power line to the 68302 power pin as well as pull the power pin to ground for a predefined time interval, which in principle halts the current flow and thus the SEL. It was decided to test and verify the circuit in conjunction with other components being tested by BREL (Boeing Radiation Effects Laboratory) with heavy ions at the Berkeley cyclotron. The circuit worked as designed during test. However, when the power was reapplied to the 68302 power pin, the current went back to SEL current levels. Subsequent research yielded the theory that even with the no power applied to the 68302 power pin, enough current was being sinked via the data and/or address lines to maintain a latchup condition. A second circuit redesign added high impedance tri-state drivers to the 68302 addresses and bus lines. In addition to switching a couple of transistors, the comparator circuit now also caused the tri-state drivers to 
VDCC (Video Digitization and Compression Card)
Due to initial estimates and conservative ISS thermal data early in the program, the VME cards and power supply were specified to operate at +85C. This high operating range and the related reliability requirement more than any other requirement drove the use of military grade parts. For a second version of the RIC, a video compression requirement was added. The state of the art MPEG-2 compression algorithm selected and related components proved impossible to procure in military or even industrial grade components.
Even upscreening the very highdensity commercial packages available looked impossible. In fact one of the candidate MPEG-2 encoders, due to the density and clock rate, was only rated to +45C! Subsequent re-evaluation of the ISS thermal requirements led to reducing the upper end to +75C. Eventually a board design was selected that was based on a readily available commercial design using real COTS components (vs. rail grade components). Analysis and testing indicated components could be upscreened to meet the lowered thermal requirements. However, parts like the MPEG-2 encoder chip, which was rated up to 4 watts, required special care to ensure an adequate thermal path to the VME chassis sidewalls. In the end special thermal paths had to be used in addition to the normal thermal management layer.
The initial radiation analysis appeared to be even a !arger driver than the thermal issue. The design used mostly state of the art components with most having no test history, neither direct or by similarity. Radiation testing seemed the only solution, but the normal test method of using a small vacuum chamber at a heavy ion test facility would limit testing up to a specific section of the board or a component at a time. Also due to penetration issues almost all parts have to be "delidded", thus removing the material over the die and exposing the die to the heavy ion beam. Due to these issues and the large number of parts needing to be tested, it was estimated the test would be long and expensive and greatly exceed the allocated budget. Testing at a proton facility was investigated as a possibility. Several facilities support testing with protons in an open facility that does not require delidding the components.
However, because of the concern of a SEL induced b.va heavy ion above the threshold of protons, the validity of testing only with protons was questioned.
Fortunately. the Super Conducting Cyclotron at Michigan State University was opened up to non-academic testing at about the same time this problem was being evaluated. The Michigan State Facility facilitated testing the board with aver? high-energy heavy ion beam in a large open air chamber. The facility also produced very high energy and thus highly penetrating heavy ions; thus delidding the parts prior to testing was not required. An X-Y positioning change. Thus, looking at the component on a board the component appeared to be identical to an earlier version with a totally different die. While most of the vendors were very helpful, they normally do not deal with radiation issues and thus initially part issues went unnoticed until subsequent part lists were issued. One lesson learned is that very close coordination with the vendor on components and parts used must be constantly maintained to avoid surprises. This is especially true if the vendor does not have design experience for radiation environments.
In several cases due to cost and schedule reasons (the reasons COTS was selected in the first place) traditional practices, like part replacement, could not be performed. More inventive solutions had to be utilized. In some cases the solution was simply looking at how the SEU manifested itself and determining if an SEU was a momentary transient in which the human eye or ear could easily tolerate.
What ,.,.'as an allowable SEE was also modified as the program progressed. Momentary anomalies in the audio and video streams were determined to be acceptable as the human ear or eye can accommodate such an interruption with no real loss of data. In several cases, such as the video buffer FIFO, the only alternative was an unacceptable redesign, which would have resulted in significant cost increase and a loss of performance.
The boards used were based on a COTS design, thus significant cost savings was realized in the form of using commercial software. However, the cost saving in terms of hardware was less than expected. While the recurring cost for the boards came close to original estimates, the non-recurring costs associated with the radiation enhancements exceeded original estimates. The lessons learned should help minimize such impacts in the future.
However, the inherent risks of qualifying COTS, especially new state of the art components, for space use is largely educated judgement until the board/components in question are understood and tested.
